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FOREWORD 

Development of hollow projectiles was first advocated by VRC 

(letter proposal of 1969) f    achieve ".llent" (lo*- pressure signal) 

proJectlJe. having higher performance.    In response to a Government 

review .   more detailed and expanded pxoposal (VRC Proposal No.   P-748) 

was submitted In i970 and this ultimately led to the present ARPA/SASA 

effort which focuses on demonstration of high performance character- 

istics. 

Although the present VRC effort concentrates on small arms 

(specifically 7.62 mm), the confirmed fundamental theory applies to all 

sUss of hollow projectiles.    This report can thus serve as a basis for 

(l) evaluating specific hollow projectile developments and (2) formulating 

programs to develop a wide spectrum of hollow projectile configurations 

tailored to a diversity of functional requirements. 
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SUMMARY 

Hollow projectiles are sho'.n to have potential for providing an 
order of magnitude Improvemen' over convent onal small arms ammuni- 
tion.    They provide high performance (high enei^y delivery at high .speed) 
and vastly Improved operational characteristics at a low cost.    This was 
theoretically established and experimentally demot itrated via both wind 
tunnel and firing range teats. 

Hollow projectiles achieve much lower drag by essentially 
eliminating both wave and base drag.    This directly increases energy 
delivery and speed.    The hollow configuration furth;r permits compact 
lightweight designs having high speeds with improved impact/penetration 
characteristics.    The projectiles are basically thin-walled hollow tubes 
with beveled ends and are therefore very inexpensive. 

The basic hollow projectile characteristics of low drag over a 
wide operating range were first theoretically established.    Then, these 
characteristics were confir-ned via wind tunnel tests involving Schlieren 
photography and force measurements.    Firing range tests then showed 
that hollow projectiles can be (1) sabot-launched at high speeds,  (2) spin 
stabilized for reasonable accuracy and dispersion characteristics with 
potential for large Improvement and (3) applied to missions requiring 
improved armor penetration characteristics. 

The present effort has thus esrtablished a basic theoretical and 
experimental foundation which is broadly applicable to the entire size 
spectrum of hollow projectile ammunition.    For Initial demonstration 
purposes,  simple base  "l-lug" sabots were employed to fire 7.62 mm 
projectiles.    Exploratory .'nvestlgatlons o( compact arrangements (e.g. , 
puller sabots allowing propellant to be packaged Inside the hollow 
projectile) suitable for practical small arms ammunition yielded 
promising results regarding further development. 

AdditicnaJly,  simple and Inexpensive methods of imparting spin 
for stabilization were developed.    The projectiles were coated with a 
thin outer layer of soft metals (e.g. ,  copper) and soft plastics (e.g. 
polypropylene) which engaged the rifling.    This 3reatly simplifies sabot 
design and wllJ significantly contribute to the ultimate goal of develop- 
ing practical anmunltlon systems.    The coating development was 
conducted to the ^olnt of demonstrating • asic feasibility. 

Further feasibility demonstration work is recommended to 
ascertain or quantify the extent to which the high potential can be 
achieved In practical compact ammunition systems.    This will entail 
a carefully focused study Involving the Interaction of aerodynamic/ 
ballistic performance and design features providing compact,  rugged 
and low cost ammunition. 
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NOMENCLATURL 

A 

A 
c 

A. 

M 

m 

D 

d 

dt 

E 

I 

K 

L 

i 

M 

M 

Mt 

m 

projectile frontal area   (jd  ) 

upstream capture area 

inlet area 

throat area 

drag coefficient 

lift coefficient 

slope of lift coefficient   {8C   /86) 

overturning moment coefficient 

slope of overturning moment coefficient    (8CM/86) 

damping moment coefficient 

acoustic velocity of target material 

drag 

maximum projectile diameter 

throat diameter 

projectile kinetic energy 

mass moment of inertia   about the longitudinal axis 

mass moment of inertia about the transverse axis through 

the e.g. 

base drag coefficient 

lift force (normal to flight direction) 

projectile length 

Mach number 

Mach number downstream of detached shock 

Mach number in throat 

mass 
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3 spin rate about longitudinal axis 

= penetration depth (semi-infinite medium) 

= ambient air pressure 

= dynamic pressure 

= recovery factor;   projectile radius 

= projectile wall thickness 

= velocity 

u 
.1 

ß 

Y 

6 

€ 

P 

= internal bevel angle 

= ratio of specific heals 

= yaw angle of projectile measured from relative wind direction 

= nose cone half-angle (conventional projectile) 

= air density 

= density of projectile 

= density of target 

= Mach wave angle u 
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I.    INTRODUCflON 

This  report on hollow projectiles covers work from tht- conception 

of the advantages of the projectile, through theoretical predictions of its 

performance,  to firing tests (7.62 mm) which confirmed the theoretical 

predictio is a»-d demonstrated the potential superiority of this type of 

ammunition. 

Hollow projectiles are basically thin-walled tubes with beveled 

ends (Fig.   1).    Nearly all the air approaching th»" forward face of the 

tube flows Inside the tubular projectile.    The fl^w outside the tube 

remains essentially parallel and undisturbed. 

Conventional projectiles,  having a pointed nose and blunt base, 

experience a bow shock wave at the nose and a separated flow region at 

the base.    This results In high energy dissipation and drag.    Hollow 

projectiles substantially avoid these losses to gain an order of magnitude 

improvement. 

The well-known desirable performance characteristics of ammu- 

nition systems are. 

High Speed and Impact  L'nergy 

High Effective Range and  Flat Trajectory 

•      Superior Target Penetration 

High Accuracy and low Dispersion 

In addition to providing Improved performance, basic operational 

features will ultimately establish feasibility,  I.e. , desirable ammunition 

systems must have 

Simplicity for Inexpensive Manufacturing 

Low Unit Weight and Compactness 

LOT' Recoil 

Analytical/design and experimental results presented In this 

report demonstrate that hollow projectile ammunition systems possess 

the desired performance and operational characteristics listed above. 

•--    ^ 
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Effort was concentrated specifically on demonstrating high perfor- 

mance characteristics of hollow projectiles.     Specific   accomplishnn-nts 

include 

Aerodynamic/hallistic analyses  to (1) determine the 

potential for high performance over a wide op«-rating range and 

(Z) establish a basis for parametric   design trade   off studies 

directed toward compact lightweight ammunition systems. 

Wind tunnel tests to (I) confirm the basic theory by 

affirming the predicted character of the flow field (Schlieren 

visualization) and (£) demonstrate achievement of low drag. 

Firing tests to demonstrate  (1)  spin   stabilized launchings 

from standard small arms weapons (7.62 mm) at high speeds 

V4000 to 6000 fps) and (2) capability for high accuracy and low 

dispersioi. with superior impact/penetration in armor ('"I Mets). 

A.    PERFORMANCE IMPROVEMENT 

The fundamental key factor leading to performance improvement 

is the achievement of low drag over a wide operating flight speed range. 

This  will enable lightweight projectiles to deliver high energy to distant 

targets at high speeds.    Higher speeds  result in flatter trajectories and 

shorter flight times, thereby enhancing accuracy and effectiveness. 

Further, both higher energies and speeds are dominant factors in 

improving impact/penetration capabilities at the target. 

kA>M»M_— 
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1.    Low Di M 
The basic low drag characteriscics of hollow projectiles were 

analytically established In Ref.   1 and presented as part of the proposal 

which resulted in the present program.    These low drag characteristics 

were experimentally confirmed during the course of this program. 

.! 

D 
U 

a.    Analytical Prediction 

In Ref.   1  it Is shown that a conventional projectile (Fig.   1) has 

three basic drag sources:    (1) wave drag, (2) base drag,  and (3) skin 

friction drag.     Representing a standard projectile as a cone-cylinder, 

the drag coefficient can be estimated by the fol'owing relation, 

, = Li «in1. - SAitei Wave drag 

~   Base drag 

A     c( 0.074 1700\/.. .      Y^lw2xl r-. 
\~\'irr= '^Tl     { +rJL-M ) - Friction 
L          V VRi tc    I                               J dra8 

'     c 
(1) 

The drag coefficient it based on the maximum cross sectional area of 

the projectile , i.e. , 

D 

where 

Dc      (| vMZp)A (^YMZp)(»d2) 

D   s   drag 

M   ■   Mach number 

d   »   maximum projectile diameter 
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ratio of specific heats    (v = 1.4 for air) 

ambient air pressure 

Reynolds number based on    t 

conventional projectile length 

base drag coefficient 

recovery factor 

nose cone half-angle 

The drag coefficient of a thin-walled hollow projectile ,    Cn,    is 

basically twice the friction drag term of tTq.  (1)    with   t      replaced by 

the  length of the hollow projectile denoted by    /.    The term is doubled 

since the wetted area of the hollow projectile is approximately doubl   1. 

However, the large wave and base drag terms   | (I q.  (I)]    are essentialh 

eliminated. 

A drag comparison of conventional and hollow projectiles is pre- 

sented In Fig.   2 as a function of flight Mach number.    For illustrativ! 

purposes, the comparison is based on ^O-callber steel projectiles 

weighing 400 grains.    In the speed  range of Interest (I.e. ,    M > 2),  a 

la.-ge order of magnitude drag reduction is i.-dicated. 

The  shaded region for the conventional projectile  in Fig.   2 cor- 

responds to the base drag coefficient range of   0.4 S K S 0.7.    Further, 

the recovery factor Is taken to be    r = 0.8^    {Refs.  2 and 3) and the nose- 

half-angle Is   c «  18.3°   while the length is    <     =  1. M inches. 

For hollow projectiles of Fig.   2 the Internal diameter    r   was 

chosen to correspond to sonic flow Insid«   the projectile.    Further,   if 

the hollow projectile Is to have the same mass.  It must be longer.     For 

example,    for    M » 3   the hollow projectile is approximately ^0'fr 

I: 

\ 
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longer.    The added friction drag is small compared to tht- savings 

associated with virtual elimination of wave and basi- drag as i-vident 

from Fig.   Z . 

To fully exploit the characteristics of the hollow projectile, 

departures will be made from the equal weight,  flight speed, and sonic 

throat basis of comparison in Fig.   2.    Generally,  hollow projectiles will 

be lighter and faster.    The throat velocity will be greater than sonic due 

to "starting" and operating velocity decay requirements as discussed in 

the next section. 

The design operating conditions of a hollow projectile will actually 

be selected in the context of the overall weapon system and its intended 

application.     Relevant factors include cartridge propellant vrlume, 

target range,  and penetration reqiirements.    Thus,  there is no single 

comparison basis.    However the comparison basis of Fig.   2 is certainly 

sufficient to clearly show the large potential for gain via drag reduction. 

The  reduction In drag coefficient of Fig.   2 directly improves basic 

projectile flight trajectory charact' rlstlcs.     Using well-known relation- 

ships it is shown in Fig.   3 that hollow projectiles  will have roughly half 

the vertical displacement and elapsed time for a S00 yard range.    The 

comparison basis of Fig.   3 Is equal weight (100 grains) and r.mzzle 

velocity (4000 fps). 

Since lighter hollow projectiles will generally be fired at higher 

muzzle velocities than conventional projectiles, the  reduction in vertical 

displacement and elapsed time will be even greater than shown on Fig.   3. 

These improvements will directly improve the effectiveness of the 

weapon, particularly against moving targets. 

— 
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a«    High Performance Region 

The hollow projectile must first be launched with a suFicicntly 

high muzzle velocity to allow "swallowing" of the bow shock and the 

establishment of smooth supersonic How inside the projectile.    Then as 

the projectile 8low8 down the flow inside the projectile  "chokes"   and the 

bow shock with its associated high drag appears. 

Basically, the hollow projectUe Is composed of an internal com- 

pression Inlet, a throat section, and a nozzle.    Internal compression 

inlets require special .- Uention to the so-called "starting problem. " 

i.e. . the problem of initially swallowing the bow shock. 

As a hollow projectile leaves the muzzle of a rifle,  there is no 

flow through the projectile.    The projectile is equivalent to a blunt body 

and thus there is a bow shock.    When the projectile  separates from its 

sabot, air can flow through the internal passage in the projectile.    If the 

passage is sufficiently large, the bow shock will be  •swallov.ed"  and 

essentially disappear.    Then,  if flow separations and other such potential 

sources of loss (energy dissipation) are avoided,  low drag as predicted in 

Fig.  2 can be achi.-ved. 

(I)    Theoretical basis 

The starting problem is well-known.    A concise summary analysis 

is given in  Ref.   6.    Much of the basic work was originally accomplished 

In Refs.   7 and 8.    A simplified summary presentation will now be given 

to delineate the basic features in the analysis which specifically guided 

design and experimental activities presented in this  report. 

The character of the starting problem is easily visualized by first 

considering the case where the Internal passage Is too small.    There 

-11- 
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will then be a detached bow wave in front of the hollow projectih- a. 

illustrated below. 

>VO' 

Nozzle 

Throat 

Internal Compression Inlet 

The upstream capture area   Ac   l8 less than the inlet area   A.. 

i.e..    AC<>V    H««. the captured flow is defined as the flow (stream 

tube) that passes through the hollow projectUe. 

The portion of the detached shock that cuts across the captured 

stream tube Is approximated as a straight vertical shock and is therefore 

treated as a normal shock.    The Mach number downstream of this normal 

shock is subsonic and is denoted by the symbol   M,.    The upstream 

Mach number is   M. 

For approximate estimation purposes, the boundary layer on the 

surface of the projectile can be disregarded.    Corrections for boundary 

layer effects can be Introduced as a refinement.    The primary effect of 

the boundary layer I. to reduce the  "effective- size of the Internal passage. 

That Is. the Internal wall friction (manifest as the boundary layer) will 

tend to reduce the mass flow rate through the projectile. 

I 
1 
i 
I 
J 
0 
0 
ill 

Ü 
I 

i 
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The present analysis focuses or conflgurutions where boundary 

layer effects are not dominant.    The subsonic captured flow downstream 

of the normal slock (see previous sketch) can then be regarded as an 

essentially isentropic flov .    As this flow approaches the throat (minimum 

internal passage diameter) it speeds up and reaches sonic  speed at the 

throat.    The ilow is then "choked" and the mass flow rate is limited by 

the size of the throat as denoted by   At. 

It c'early follows that the upstream capture area   A^   and the throat 

area   A     are related.    If   A     Is Increased, the internal mass flow Increases 

and   A      must also Increase from continuity considerations.    For Isentropic 
c 

flow of a perfect gas, the areas are related as follows (Ref.   6> 

xc = iMT<' W\ (3) 

where   Y    is the ratio of specific heats. 

Further, for the normal shock In the captured stream tube, the 

downstream Mach number    M      Is simply related to the upstream Mach 

number   M,    I.e. , 

1/2 

^.M^ 
M 

2~ (4) 

where    M ^ 1.    When    M =  1 ,  It Is readily found from  Kq.   (4) that    Ms=  1 

From Eq.  (4) It Is clear that when the flight  speed    M    is chosen, 

the value of   M      Is determined.    Then from Eq.   (3), the ratio of A   /A 
s ••     • 

Is established.    Thus,  If the throat ar",a   A     Is Increased, the capture 

area   A      will be Increased by the same factor.    If   A^    and hence    A^ 

-13- 
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are increased, the detached bow ahock (see sketch) moves downstream. 

When   Ac   becomes equal to the inlet area   A ,   the bow shock is located 

at the inlet face.    A further incremental inciease in   A     will cause the bow 

shock to move through the projectile. 

At this point, the flow has been successfully started.    The detached 

bow shock has been eliminated.    The internal flow in the projectile is 

supersonic and the Mach number in the throat is greater than sonic,  i.e. , 

M|ft 1.    The desired high performance flight operating condition is 

illustrated below. 

J: -_\        rA, 

For small boundary layer effects and shallow bevel angles, the 

flow in the captured stream tube can be approximately treated as super- 

sonic one-dimensional Isentroplc flov ,    For this typ» of flow.  It Is 

readily deduced that 

1 

0 

J 

D 
.1 

-(i +^1M2)-|1^ Ac        Al        Mt 
<5) 

where   At   Is chosen to be sufficiently large to allow starting a 

described earlier. 

After the projectile had started, It will gradually lose speed. 

I.e. ,    M   will decrease.    Since the ratio   (A  /A )   Is fixed, th^   e will be 

a corresponding decrease In   Mt   as governed by Eq.  (5).    Here,    M J 

-14 
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is Initially greater than one and gradually approaches the aonir or choked 

condition of   Mt = 1    as tue flight speed decreases. 

After the choked condition is reached, further decreases in flight 

speed will r^solt in the formation of a bow shock wave.    Performance will 

then be degraded.    Thus, the regeneration of the bow shock wave denotes 

the end n| high performance flight. 

This high performance flight zone consisting of a 'starting' and 

'decelerating' region is shown in Fig.  S.    The ratio of throat area to 

inlet area is shown as a function of flight Mach number.    As the throat 

size (ratio of   A^A^)   decreases,  a higher starting velocity is required. 

For values of   (A^A^ < 0.7, starting velocity requirements Increase 

very rapidly.    That Is, there Is a knee in the curve at   (A  /A.)«  0.7   and 

Mm 3.5.    This knee corresponds to a configuration which Is a reasonable 

starting point for preliminary design trade-off studies. 

Normally,  It Is expected that the projectile will be designed so that 

It will Impact the target while operating In the high performance decelera 

ting region of Fig.  5.    The present Investigation is therefore concentrated 

o:i this  region. 

11 
0 
D 
D 

(2)   Test Verification 

The existence of a wide operating velocity range was demonstrated 

In wind tunnel testing.    For this purpose, a simple basic model designated 

HPP-1 was selected.    The geometry of this projectile Is shown below. 

15 
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The projectile is 30-caliber (7.62 mm) with a cylindrical exterior. 

Interior taper angles of S degrees are used both at the front and rear of 

the model. 

The  region of high performance, low drag flight was determined 

via Schlieren techniques.    Tn the high performance  region,  the projectile 

is launched with sufficient speed (Mach J,1») to start with no bow shock. 

As the speed decays, a bow shock eventi ally appears.    This bow shock 

is associated with a sharp drag rise and thus its occurrence terminates 

high performance flight. 

Schlieren results supporting the above findings are presented in 

Fig.  6.    The  "initial" and "final" conditions shown on Fig.  6 correspond 

to the end points of the   high performance operation of HPP-1  shown on 

Fig.   c>.    At the initial condition   (M =  3.^) the photograph clearly shows 

that there is no bow shock.    At the final condition a bow  shock is clearly 

seen. 

The experimentally determined high performance  region for test 

model HPP-1  is in close agreement witl   theoretical predictions as shown 

in Fig.  S.    The test model choked slightly sooner (Mach 2) than the 

theoretical prediction (Mach 1.8).    Dut this slight discrepancy is 

17- 
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«plalnabl. In ttrme of W.cus boundary layer clU-ci, which were „o( 

incorporated in the idealized theory. 

The wide velocity range shown in Fig.  J corresponds to efficient 

flight over a long distance.    These distances gen.-rally exceed 1000 meter» 

as shown in Fig.  7.    A spectrum of configurations are prvsented on Fig. 7 

to show that hollow projectiles can be  readily tailored to specific  require- 

ments.    In general. ,h. highest launch velocity achi- able within interior 

ballistic constraint, of the selected weapon produces „„. hlgh,sl rangt. 

and best performance.    Straightforward details regarding construction 

of Fig.   7 are presented in Ref.  9. 

Firing range tests have demonstrated that launch velocities in 

excess of Mach number equal to 3.^ can be achieved using a standard 

7.62 mm cartridge and barrel.    The projectiles were lired with the aid 

of a simple plug sabot at the base.    This shows that the demonstrated 

high performance can be achieved in an actual weapons system. 

b'    Stable Flight Characteristics 

The hollow projectile must possess stable flight characteristics 

to successfully operate in the high performance  region described above. 

This can be provided via spin-stabilization as employed in conventional 

weapons systems. 

Rifling in the barrel can communicate spin to the sabot which in 

turn spins the projectile.    Alternatively, the spin ran be imparted 

directly to the projectile via a thin soft metal or plastic coatin,   bonded 

to the outer surface of the projectile.    This latter method is commonly 

used in conventional small arms applications and was successfully 

applied to 7.62 mm hollow projectiles investigated in this program. 

-19- 

-- 



w—~~~ mmm ""l w~m •^mmm^m ■■■■■■ .. ^.. .        ^.^..w. 

I 

i TQ 

1 i 
n 
c 

c 
a 

o 
h 

i 1 

.... 

./  i. 
71       1 / '         ■ /    .              0 
/ U 

,    // 
I 
9 

i       ! / /,    1 
/   /    1         u 

b       •      4 
«       o     o // l\   ' ^3           0        0 /    r ^ 1 // It 

2 z      "     "                                 h •***.*.               ////I 

// //! II ///// 
• 

i 
Ml 

C 

2 
1    ! \ ^ // //, //--   v     \v/     r- 

Jr 4J H< CN • 

i a. TAV/XW 
■ // y/ n    1« s //       Tx      //     ,        so   >o   >o 
i          K        i            //       // N»//                ... 
r //      /    77           I-c-z. (                                 s //////            ^i— 
I                 1 / / /            ^ Jf ^ // ¥ i 

\ ff,    ^Jr . / ' *• 

V \AN / '   i 
r «M 

Y\ «aaqujnN tp«N JM^lIji 

o 

o 
o 

o 
o 

■ 
E 
«i 

t 
o * 
- I 

V eo 

o 
o 

o 
o 

Ü 
2 
< 
as 
M 

O 
K 
a. 

o 
-4 

O 
X 

I o 

V 
a. 
x 
u 

S -a 
U 

N 
U 

% 
U 
>« 
«« 
u 
v 
a 

4» 
> 

tc 

] 
D 
Ü 

U 
I 

20- 

IM 



^^ i mmmmimm*9m^m*^mmmmm~~~iMm*w  wi   i "■"ll"i mm,» i     w 

J 

u 
u 

Q 

Ü 

Ö 

D 

D 

Q 

(1)   Basic Stability Criteria 

Basic analytical criteria concerning spin stability are well-known. 

These criteria (as detailed in Ref.  4) have been applied to hollow 

projectilas. 

Consider a projectile in three-dimensional space with reference 

axes   and   angles as shown In the sketch below 

«I Vn<i 

•>   x 

where the two-dimensional vector quantities In the   y    z   plane are 

expressed In the form of complex variables. 

The equations of motion for five degrees of freedom (Including 

overturning moment, damping and magnus moments, and spin rate) can 

be expressed as the following ordinary differential equation, 

I 
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where 

H, = 

N = 

3 = 
q 

p = 

A = 

t = 

V = 

•C^AI^.iyt^MVU.O (6) 

mass moment of inertia about body longitudinal axis 

mass moment of im-rtia about a transverse bo^/ axis through 

the e.g. 

spin rate in rad/sec about the longitudinal axis of the body 

damping moment coefficient 

air density 

cross sectional . rea of body 

body length 

velocity 

K. 
J 

m 

m   = 

Cl    " 

=    magnua moment coefficient, sign for a c.p.  forwa.-d 

of the e.g. , and "-" for a c.p.  aft of thr e.g. 

slope of overturning moment coefficient positive for unstable 

moment,    (c.p.   is ahead of e.g.)   C^ = (dCM/d6) 

total mass 
m My 

slope of lift coefficient versus    6   (Cj = dC. /d6) 

drag coefficient 

The solution of Lq.  (6) Is In the form of    6 = e    .    Th«- stability 

and damping characteristics of the projectile can be obtained by examln 

Ing the value of   \,    I.e. ,    Real (\) S 0   for harmonic nr damped motion. 

Considering only the overturning moment for a spin stabilized 

0 

J 

Ü 

.1 

I 

Ö 
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projectile It can be shown that the following inequality must be satisfied 

if stable operation Is to be realized, 

iV2 
a 4lbC-^' m (7) 

Now consider a hollow    yllnder projectile and note that 

i, ■ m   —m = m r    ■ K mr a Z a        a 

where    r = outside radius,    r. = Inside radius, and   r      is the  radius of 

gyration.    Similarly, define 

T   _ „2 mi' 
H^ Kb-TT 

m 

and note that 

m = p    ZirK    rt t m        m 

where    t = r    r.,    P^, = mass density of the projf   tile, and    K 

(r tr^/Zr   for a straight cylinder. 

Then, for a stable projectile the following condition  [see  Eq.  (7)] 

must be satisfied 

where 

m 

—2  

a   m 

(T) 

For a slender, thin  walled projectile,    K« 1,    and if the projectile is 

made of «teel,   -E— ■ 1.65 X 10"   .    Then, assuming a typical value of 
Hm 

\ 
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t/r = 0.2,  it follows that 

(^»Lnxio^cJJJ 

and the twist requirement is 

twist 1    N 1     /Nrx 
Rrr ^^ (9) 

This  result is shown in Fig.  8.    Basically,  spin rate (or twist) is 

presented as a function of the slope of the overturning moment coefficient 

Cm    with the ProJectlle length to diameter ratio    (l/d)   as a parameter. 

Consider, for example, 'he curve (straight line) cor responding to 

a length/diameter ratio cf   (i/d) = 3.0,     If the projectile operates in the 

region beneath this line, it will be unstable.    For operation above the 

line it will be stable.    Thus, the lines of Fig.  8 are essentially reparation 

lines between stable and unstable operating regimes. 

Selection of the basic geometry and mass distrihution of a parti- 

cular projectile essentially fixes    (i/d)   and   C    .    The spin rate 
m r 

required for stabUity can then be read directly from Fig.  8.    As expected 

higher spin rates provide greater stabUity. 

The desirability of achieving low values for the slope of the over- 

turning moment coefficient la also clearly evident.    For low values of 

Cm, low 3pin rates are required to achieve  stability.    In fact     if 

Cm * 0'  3tability can be attained without spinning.    Thus, one clear 

design objective is to obtain the lowest possible value for   C       via a 
m 

combination of aerodynamic shaping and mass distribution. 

A further trend shown in Fig.  8 is that projectiles with hign 

length/diameter ratios will rely more critically on achievement of low 

I 

-24 
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values for the slope of the overturniig moment coefficients.    For a given 

Cm. projectiles with higher values of   (i/d)    require greater spin rates 

as clearly seen from Fig.  8.    Excessive spin rates can be avoided by 

providinr, low   C       values, m 

.1 
D 
ü 
u 

(2)   Aerodynamic Considerations 

The aerodynamic foice and moment cnan^es associated with yawing 

motions of the projectile are of paramount importance as exemplified bv 

the effect of   C       shown in Fig.  8.    From flow field considerations, m B 

large yaw angles will Induce adverse flow phenomena such as separated 

flow regions and shock wave formation. 

These adverse phenomena increase drag and re luce the high per- 

formance operating region.    The limits on yaw angle to avoid these 

adverse effects was established via wind tunnel testing. 

From model HPP-l, yaw effects were assessed via Schlieren 

techniques.    The model was yawed to a selected angle and a test run was 

conducted at the previously reported (Figs.   9 and 6) starting condition 

of   M = 3.5.    If the flow were smooth with no bow shock, the speed was 

reduced until a bow shock appeared. 

The results of this testing are shown on Fig.  9.    As the yaw angle 

increases,  the bow shock appears sooner.    That is, the high performance 

region becomes narrower.    At a yaw angle of 15 degrees, a bow shock 

appears at the starting speed of   M = 3.5. 

For yaw angles less than 5 degrees the degradation appears ?mall. 

Thus, as a design goal (at least for H.'P-l) ,  it would be desirable to 

provide sufficient stability to limit the nominal yaw variations to less 

than 5 degrees. 
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The lift and moment characteristics of hollow projectiles can be 

analytically estimated for small yaw angle variations wher<> large adverse 

flow field effects are not encountered.    Consider a general hollow pro- 

jectile as sketched below, 

D 
.i 
D 
Ü 

The lift force    L   (normal to the flight direction) is comprised of 

contributions from (1) turning the internal flow and (2) the cross-flow 

associated with the external Low. 

For «mall yaw angles   (6 « 1), the lift force contributed by t) - 

internal flow is 

Llnt = m(V 9ln 6) c PAV   6 * 2A6q (10) 

where   A   Is the cross sectional area of the internal flow (see sketch)   and 

q = -y pV     Is the dynamic pressure. 

The external flow contribution due to cross-flow can be estimated 

from slender body theory (Ref.   10), I.e. , 

L.vt  «   2A^ ext 

where it li noted that   L.     = L    -, int        ext 

(11) 
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The lift and moment characteristics of hollow projectiles can be 

analytically estimated for small yaw angle variations where large advers« 

Ho«/ field effects are not encountered.    Consider a general hollow pro- 

jectile as sketched below, 

I 
0 
0 
UI 

I 

The lift force    L   (normal to the flight direction) Is comprised of 

contributions f-om (1) tu  nlng the   .nterr,a\ flow and '?' the cross-flow 

associated with the e?rternil flow. 

I JT jr tall yaw .mgles   (6 « 1). the lift force contributed by the 

Internal flow Is 

Int m(V sin 6) * pAV   6 * 2A6q (10) 

where   A   Is tK cross sectional area of the internal flow (see sketch)   and 

q r -y pV     Is the dynamic pressure. 

The external flow contribution due to cross-fiow can be estimated 

from slender body theory (Ref.   10), I.e. , 

ext 2A6q (U) 

where It Is noted that   1_.     = L    .. Int        ext 
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The lift coefficient is then 

C     I    L 
L.      + L 

int ext 
qA = 46 (12) 

The corresponding lift-curve slope is    C^ =  (8C./8Ö) = 4 = 0.06«7/deg. 

Rased on the flow field, the external force acts near the mid- 

length.    For speeds of   M »  3.5 and projectile length/diameter ratios 

(i/d)   of about 3 or less, the internal force also will act at approximately 

mid-length.    This is inferred by notin, '  the Mach w    .<• angle for 

M = 3.S is    ji s  16.6      (see sketch). 

When the internal flow waves from one surface do not impinge and 

reflect from the opposite surface, the  internal flow force will essentially 

act at the midpoint for symmetrical inlet and exit bevel configurations. 

To first order, the waves will not impinge  if   (f/d) < cot \i - cot 16. 6°» 3. 

The three-dimensional internal flow is actually very complex, 

particularly when boundary layer effects are considered.    However the 

basic character of the flow is portrayed by the general first order 

considerations discussed above. 

Wirj tunnel force balance tests were conducted on a series of 

related models encompassing ten (10) configurations.    Lift coefficient 

test data for configurations   M-S   and    M-7   are presented in Fig.   10 

as a function of yaw angle.    These data are  in reasonably close agree- 

ment with the analytically estimated lift-curve slope, particularly for 

small yaw angles. 

The present wind unnel force tests were designed to ascertain 

basic trends and overall force and moment levels. Possible sources 

of error Include morel support tare corrections,  deflection of the 

•29- 
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cantilever model support strut, and test section flow angularities. 

Kliminatior. or minimization of these secondary sources of error would 

be extremely tedious and could not be Justified for present program 

objectives. 

For teat model configuration M-5,  it was ascertained from analysis 

of the lift and moment test data that the center of pressure   c.p.    Is 

approximately located between 3J"'  and SS% of the length from the leading 

ed;»e.    This generally confirms the analytical estimate of SOTr discussed 

pr< vlous.'y« 

In firing range tests, the projectile will be  spinning and tins 

Introduces some (probably secondary) aerodynamic effects.    For this 

reason,  wind tunnel effort was limited to acquiring only approximate- 

bounds on parameters such as c.p.    The function of this data was to 

provide guidance for the firing range test program where the projectile 

Is evaluated under completely realistic operating conditions. 

(3)    Firing Range Test Results 

The firing range tests Initially concentrated on short range tests 

aimed primarily at developing a simple  "workhorse" plug sabot to cleanly 

launch the projectile.    Then tests Indicnting potential for high accuracy 

and low dispersion were conducted. 

Firing results on selected configurations Indlcat" ♦h?t accuracy 

and dispersion are very sensitive to small changes in geometrical 

parameters.    Continued developmtiit testing is  requlrv d to I'olate the 

critical factors.    This activity should bt- highly productlv«- since the 

high sensitivity Infers that the projectiles can ba optimised and thereby 

-31- 
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.ch..v. accur.cy and **,„*, r„ult8 con.lderably Mtof ^ ^ 

presently obtained. 

«...u. which au.trUt thls „„, are prov.ded on the ^^^ 
cha«. ,«.,.  u through .3,.    Note ^ ^ ^ ^^^^^ ^^ ^^ 

»imila, axcep. fc, .m.u geometrlcil dltterences.    Further    p ^ 

(Fig. 12. ha. a pdypropy,.« COating whll. ,.„ (rig    ,„ ^ p ^ 

<n«.  U, hav. a copper coating.    R„ult. indlcate ^ ^ Mw>f ^^^^ 

P-vid« g„a.,y lmproved accuracy and mmnlm characler.itica 

Po..iM. .^1 .„ th.t the copper coated ^^^^^ ^^ 

s.ighU>  heavier.    Or. p.rhap8 ,he p„lyPropyle„e coatin, ls roulihened up 

■n .he barrel which re.ul.e in degrada.io„ of aerody„amic charac.eri,. 

«M.    DiBerences ,„ fahrica.i„g .ech„lques might have ^„^ „ 

«.Mr hener co„ce„trici.y („r copper coatl„g proJecti,e8.    The c.g. * 

the ligh.er pol^ropylene coating proje(:tUe. (p.96) ,, ^^ 

forward ihao P.,3 bu, .hi. .hoold have improved stability. 

The char, for projecil. P.97 wlth , copper coatlng ^^ 

re.u... geoerailv comparable io .he o.her copper coaud projecil. 

P-«.    However.    P.,7 ha. a bevel „ ,„, rear ^ ^^ ^^ 

in .he coa..ng a. .he lef, por.io„.    Thi. move, .he c.g. forward wHle 

•UlMr decr..,.ing the weigh,.    The benefi.. of a forward e.,.  .hif. 

could po.,ibly have been off .e. by we,gh, reduc.ioo or aerodynamic 

effect, of th. concentric groove.. 

Short range firing. at a dl.tanc. of If to 20' indicate that the 

.elected projectile, had ...entially „ro yaw in .hi. ,hor. dl.tance. 

Longer and heavier projectile, exhibited varylng degree. of yaw in this 

.hor, dl...nce.    ,t i, conc.lvab.e that ,„„, range yawing ^^ ^ 
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the longer and heavier projectiles would damp nut with distmu »• and that 

these projectiles would provide» better accuracy and disporsion character- 

istics for long range firing. 

The desirability of conducting additional firing tests during follow- 

on phases is clearly indicated.    However, the prt-st-iit U-sts clearly 

demonstrate that hollow projectiles can be effectively spin-stabil l/cd. 

For the present early development stage, the accuracy and dispersion 

characteristics of Flga.   11 through 13 are considered to be reasonable. 

The results also indicate that further development could provide signifi- 

cant improvements. 

y 

3.    High Penetration Capability 

Hollow projectiles possess high penetration capability due to 

delivery of higher kinetic energy at higher speed.    High energy at the 

target results directly from low drag (Fig.   2) corresponding to low 

energy dissipation.    High speeds are delivered by having lighter 

projectile weights and heavier propellant weights in conjunction with 

low drag. 

Ü 

0 

a.    Kinetic Energy Delivery 

The analytically estimated periormance or energy decay character- 

istics of an example 7.62 mm hollow projectile are presented in Fig.   14 

as a parametric function of drag coefficient   Cp.    The example hollow 

projectile has the following characteristics: 

Diameter:     7,62 mm   [30-callber] 

Length: 2. SO Inches 
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Mass: 100 grains  [ 1/70 lbs] 

Muzzle Velocity:     4000 ft/sec     (M*  3.o] 

Next, refer to the line 'ieparating the   "starting" and  ' dcceleratine 

regions of Fig.  S«    To just accomplish starting at an initial (muzzle) 

Mach number of   M « 3.6, it follows that 

A. throat area 
Inlet area 

t   ^ 

^ 
a 0.68^ 

For a projectile of length   t  = Z.^0 Inches at a Mach number of 

M« 3.6, it is seen from Fig. 4   that   C    * 0.062.    However, as the Mach 

number decreases, the drag coefficient increases.    To estimate an 

appropriate nominal value for    C-, the present illustrative example is 

focused on target distances within S00 yards.    Then,  at S00 yards,  using 

a nominal value of   CD a 0.07,  It is found [ from  Lq.  (11) of Ref.  4)] 

that    V ■ 3500 ft/sec.    The corresponding Mach number, based on sea 

level standard day conditions Is    M» 3^00/1120=   1,1,    Thus, for 

C-j = 0.07, the projectile velocity decays from    Ms 3.6   to    M* 3.1  in 

traversing a range of 500 yards.    From Fig.   }, the drag coefficient 

corresponding to   Ma3.1    Is   CD»0.078.   Thus,  since    0.062<0.070< 

0.078,  It Is clear that   CD ■ 0.07   Is a reasonable nominal value. 

As shown on Fig.  14 a curve corresponding to   Cn = 0.07   would 

be within the selected nominal design range.    The parametric curves 

for differing values of   C-.   clearly show the importar.ee of achieving the 

lowest possible value for   C-.. 

Also shown on Fig.   14 is a curve for a 180 grain 300 Winchester 

Magnum projectile.    This la a standard projectile having very high 

performance.    It has a muizle velocity of 3070 ft/sec corresponding to 
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a muzzle energy of 3770 ft-lbs.    This muzzle energy slightly exceeds 

the muzzle energy of 3550 ft-lbs for the example   hollow projectile. 

However, the hollow projectile still shows much greater energy 

delivery at the target.    For example, at 500 yards and a rnvninal 

CD " ^^ the hollow projectile lias an energy of   E.   ■ 2700 ft-lbs whih 

the conventional  ^00 Winchester Magnum has an energy of    b:    =  1700 

ft-lbs.    The percentage increase in energy at the target is then 

LV ^C _  2700-1700  ., ,M 

This Indicate;   that 60% more energy is delivered to the target by 

the example hollow projectile.    The comparison is somewhat conserva- 

tive since the conventional projectile had slightly more initial energy. 

Further, the selected example hollow projectile is not necessarily the 

optimum configuration. 

The delivery of higher klr.etlc energy to the target of course  repre 

sents potent'a) for greater damage and a greater penetration depth. 

b.    Impact/Penetration Analysis 

A formula has been developed for the penetration depth    P   of a 

projectile Into a semi-Infinite medium.    It la based upon an extension of 

Awerbach's approach to the penetration of thin plates (Ref.   11).    The 

formula Is 

r" i&)  T"^ 

i 
TTTz 

■] (13) 
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where: 

m    = I    =   mass of the projectile 

Pt =   density   JC the target 

A = projected area of missile nose on the target 

Vp =   ProJectile velocity 

P    ■   density of projectile 

Ct =   acoustic velocity of target material 

K8 a   constant related to shape of projectile's 

k.kj =   empirical constants 

nose 

The constant   Kg   Is equal to unity for a cylindrical projectile, and can. 

In principle,  be calculated for other .hapes.    The constant    k      is 

related to the maximum strength of the target; It Is hoped to establish a 

rational basis for Its selection,  however It must presently he treated 

as an empirical constant.    The same Is true for   k. 

It is customary.  In presenting the results of impact tests with 

spherical projectiles, to plot   P/d   versus    (Pp/Pt)(Vp/Ct)    where    d   is 

the diameter of the projectile.    Summers and Charters (Ref.   12) have 

presented an empirical formula for the penetration depth for this case 

which Is based upon the assumption that the projectile energy Is deposited 

uniformly in a hemispherical volume of the target which becomes the 

crater.    Their formula Is 

P/d= 2.28(pp/pt)
2/3(V  /Ct)2/3 

ii4) 

They show data for a variety of projectile and target materials 

which appe«    to confirm this relation for a range of the ordlnate param- 

eter   (Pp/pt)(Vp/Ct)   from about 0.13 to about 3.    However, data from 
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other sources departs from the relation for values of the ordinate param- 

eter below about 1.0, and appears to follow another law.    Some data 

from Summers and Charters for cylindrical projectiles,   when plotted 

as    (P/i), where   i    Is the lengtu of the projectile, also appear to follow 

the latter law. 

By appropriate selection of   k   and   k, ,   L"q.  (13) can be  made to 

approach the relation of Summers and Charters for large values of the 

ordinate parameter, and to conform to the experimental data which 

departs from their formula at low ordinate values.    By a different choice 

of   k   and   k   ,  Eq.  (13) can be made to conform to all of the experimental 

data presented by Summers and Charters for spheres,  and to approach a 

different law    . lower ordinate values.    However, the data from other 

sources would not then be fitted as well.    From this and from discussion 

of impact theory in the literature,  it is clear that the impact process 

involves factors characteristic of the target material which may not be 

retlected in the simpler errpirical formulas.    Hopefully,  some of these 

factors will ^    accounted for once a basis for the selection of   k   and   1< 1 

has been determined. 

Graphs of Eq.  (13) for two sets of values of   k   and    k. ,  and of 

Eq.   (14) are shown In Fig.   IS together with experimental data taken 

from several sources.    (Since the data of Summers and Charters fit the 

line labeled Eq.  (14) so well, only the extreme points are shown to avoid 

clutter.)    K      was taken to be unity.    Although there is some  scatter in 

the experimental data, It appears to fall Into two groups,  an upper group 

and a lower group.    For high values of the ordinate parameter, these 

two groups converge.    It Is seen that the upper group Is fitted equally 

well by Eq.  (14) and Eq.  (13) for one choice of   k   and   k. ,  while the 
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lower group is fitted beat by Kq.  (13) with the other choice of   k   and   k   . 

To the extent that this Figurt- ca.. be taken as a verification ot the 

general form of Eq.  (13).  certain concluBions may be drawn regarding 

the expected performance of the hollow bullet relative to that of a con- 

ventional bullet.    As an example , a comparison of the penetration .        i 

solid steel cylinder and a hollow steel cylinder Impinging on a steel 

target are given In Fig. 16 corresponding to the two selected sets of values 

of   k   and   kj.    The Impact energies of the two bullets arr assumed to be 

equal. 

The ratio of the masses of   he two bullets (solid/hollow) was four, 

so. with the same Impact ener8/. the velocity ratio (solid/hollow) was 

one half.    Tn an actual case, the reduced drag of the hollow bullet should 

allow It to arrive at the target with higher energy provided that the 

energy going Into the sabot can be kept small. 

From Fig.   16 It la seen that the theory Indicates that the hollow 

projectile will have approximately twice the penetration depth for the 

same energy at the target.    This example Illustrates the very high 

penetration potential of hollow projectiles. 

c    Penetration Testing 

Firing teats confirm that the hollow projectile can provide greatly 

Improved armor penetration characteristics.    A series of hollow pro- 

jectiles were fired Into a standard helmet located SO feet from the murrle. 

A set of ballistic screens located within about 16 feet from the muzzle 

Indicated that high muzzle velocities of approximately SSOO fps were 

attained. 
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[] The high-.pe.d hollow projectiles "punched" clean hole, in both 

the entering and exiting surfaces of the helmet.    A round metal cor.- 

[J waa cut from the helmet surfaces and th. metal around the hole was 

e-entlally not dented or deformed.    In contradistinction to these clean 

holes, standard pointed-nose projectiles deform the surface while leaving 

n ragged holes.    These results are Illustrated In Fig.   17. 

Thus, the hollow projectile does not expend energy In deforming 

the surrounding metal surfaces and from this viewpoint more of its 

energy is used in penetration.    This Is Indicative of potential for 

greater penetration. 

Jj As noted on Fig.   17. four (4) hollow projectile configurations 

(P-97. P.98. P-99. and P-100) were fired.    All these projectiles 

[] penetrated both surfaces.    Except for P-99 at the left edge of the helmet. 

both entry and exit hole, were clean as described above.    The entry 

| hole, at the edge of the helmet were clean but oblong and the exit hole 

j from P-99 at the far le.t edge was ragged. Indicating that the projectile 

had tumbled due to It. very oblique entry. 

A. shown on Fig.   17. thin heat treated Mf raging steel plug sabots 

were u.ed to launch the projectiles.    One of these sabots hit the helmet 

and penetrated one surface.    Such simple sabots are suitable for the 

present effort directed toward assessing projectile characteristics. 

However, for many applications more advanced sabot systems 

must be employed.    For example, non-lethal sabots are required for 

many small arms applications.    For aircraft applications .   "consumable" 

•abot.  are de.lrable to obviate possible Ingestion of sabots In engines. 

Additionally. It I. clear that the simple plug sabot does not provide 
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the highest posaible performance. It docs not permit the hollos, spar.- 

inside the projectile to be utilired for propellant and thereby p.nali.es 

muzzle velocity   and «nergy. 

In fact, the mu«/.le energy of the hollow projectiles  in FiR.   17 is 

generally slightly below the  reference conventional   projectile due to the 

use of these simple non-optimum sabots.    However, penetration is 

greatly improved even on the basis of equal energy as indicated in 

Figs.   16 and 17.    For down range targets, the hollow projectile will 

possess greater energy (due to low drag) than conventional projectiles 

and thereby exhibit even greater relative penetration capability (e.g. . 

Fl«.   14). 

These Improved penetration capabilities can be fully exploited via 

development o'advanced sabot systems.    After such sabot systems are 

developed,  additional Impact/penetration testing wo.ld be justified to 

completely demonstrate the penetration performance of a practical 

hollow projectile ammunition rystem. 

!! 

B-    OPERATIONAL ADVANTAGES 

A succes.ful hollow projectile ammunition system must be 

operationally feasible In addition to providing high performance as 

documented above.    A key factor involves development of compact 

systems featuring sabots which allow the hollow interior space of the 

projectile to be packed with propellant.    An example projected retrofit 

design (i.e. . useable In existing weapons) Is shown in Fig.   18. 
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I«    Compactneat/Sabot Development 

Although the present effort concentrated mainly on simple non- 

compact sabots, some sabot de -elopment activity focused on ultimately 

evolving compact systems was Inltlafed.    Along with compactness,  it is 

necessary to consider factors such as (1) protection of sharp surfaces 

during loading, and (2) design features to Insure non-lethality of the 

sabot (see Fig.  18). 

a.    Developmental Results 

A simple non-compact plug sabot launching system was developed 

as a "work'ioi-se" sabot to allow evaluation of the basic hollow projectile 

under firing range conditions.    During the course of this investigation 

four basic sabot configurations (Fig.   19) were investigated. 

• Internal Cup Sabot        shaped steel inner cup with gilding 

metal outer sleeves 

• External Cup Sabot --  flat steel base with lexan external 

cup 

• Plug Type Sabot  - -   simpl«- base plug of lexan or steel 

Forward Sabot -     lexan forward cup external to projectile 

The forward sabot is the only configuration of those above which qualifies 

as a compact system. 

Varying degrees o' success wer«- achieved with these configurations. 

Some typical results and problems encounten-.l with the cup sabot arrange- 

ment are Illustrated on Fig.  20.    It was generally difficult to make the 

Inner cups separate from the projectile.    The thin outer sleeves were to 

unfold and create high drag to help separation.    They successfully unfolded 

but tore loose so that they did not exert the desir.d high drag.    Further 

developmental work would probably have solved these problems. 
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However,  the plug sabot provided the greatest  reliability and 

assurance that the proper spin rate was being im        ted to tlio projectiles. 

Further,  it was lighter and easier to manufacture.    It was thus selected 

as the  "vorkhorse" for demonstrating the basic performance potential 

of the hollow projectile. 

The selected plug sabot was developed to the point where it con- 

sistently separates cleanly from the projectile.    This was photographically 

verified during firing range tests (e.g. ,  Fig.   21).    For hand loading 

simplicity, the thinner maraging steel plug (Fig. 17) was employed on the 

latest test runs. 

The selected   "workhorse" sabots were employed to launch pro- 

jectiles weighing from IS to 40 grains at speeds between 3^00 and 6000 

ft/sec.    A range of DuPont propellants including IMR 3031 , IMR 4198 

and IMR 4227 was employed.    Thus,  sufficiently high speeds have been 

achieved to permit swallowing of the bow shock.    When the bow shock is 

swallowed efficlen'  supersonic flow is established as determined via 

wind tunnel testing (Fig.   5). 

Only a few preliminary tests were made on the forward sabot. 

Lexan was used for simplicity although calculations Indicated higher 

strength materials would be mon- optimal (I.e. , thinner and lighter). 

Partial success was achieved In fragmenting the head portion of the sabot 

at the muzzle.    But completely clean separation was not achieved. 

These tests are however promising with regard to development of such 

compact forward sabot configurations. 

The forward sabot engages the rifling and transmits spir to the pro- 

jectile.    Other compact arrangements such as that Illustrated in the 
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projected arrangement of Fig.   1H would require transmission ol spin 

directly to tht  projectile via a thin soft metal Or plastic coating. 

Development of soft metal and plastic coatings was undertaken 

for use with the  simple  "workhorse" plug sabot system (Fig.   19).    This 

development work is directly applicable to projected systems like that 

that of Fig.   18. 

The results of this activity indicate that a polypropylene coating 

applied via techniques developed at Hercules provides a strong coating 

that successfully imparts  spin.    Plating of soft metals  such as copper 

and gilding metal also provide successful coatings.    It was found that 

coating and plating techniques must be carefully monitored to avoid 

coatings that would shear off.    The type of coating could also have some 

aerodynamic effects as discussed previously (in connection with Figs.   11 

through 13). 

b.    Projected Systems 

The extensive sabot development activity already accomplished 

indicates that there are three primary compact systems.    These pro- 

jected systems are summarized in Fig.   22 where major characteristics 

of each system are tabulated. 

(1)    Internal  Forward Sabot 

The first configuration (also shown in F'ig.   18)  is termed an 

"internal forward sabot" arrangement.     The sabot is shaped like a 

thimble and the projectile fits over this thimble sabot like an outer 

sleeve.    The forward section of the thimble protrudes ahead of the 
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sleeve or   projectile and Is shaped to allow chambering of the projectile/ 

cartridge assembly when fired from conventional weapons such as the 

M14 rifle or M60 machl.ie gun. 

When the  "Internal forward sabot" arrangement is fired, gas 

pressures act on the inner surface of the sabot to drive it down the barrel 

The projectile is engaged to the sabot by a step in the rear p*rt of the 

sabot and by friction between the mating projectile and sabot surfaces. 

Thus, the projectile is also driven down the barrel. 

A soft coating of plastic or metal on the outer surface of tin   pro- 

jectile engages the  rifling In the barrel to Impart the required spin. 

When the projectlle/sabot assembly leaves the muzzle,  dynamic pressur- 

generated by forward speed acts on the larger projected frontal area of 

the Inner sabot and forces It  rearwards out of the projectile.     When 

complete separation Is accomplished, the projectile proceeds at high 

speed while the light sabot rapidly decelerates (i.e. , the sabot will be 

non-lethal). 

U)    external Forward Sabot 

The second configuration is an "external forward sabot" arrange- 

ment.    Here,  the sabot Is again shaped like a thimble.    But the projectile 

now fits Inside the thimble.    The forward section of the thimble is again 

shaped to allow chambering in conventional 7.62 mm weapons. 

The  "external forward sabot'  is driven down the barrel upon 

firing.    The gas pressure acting on the inside of the thin wall projectile 

tends to cause the projectile to expand outward and enhance th-, frlctlonal 

bond between the sabot and projectile.    In this way, the projectile Is 

pulled down the barrel by the forward sabot.    Also, the outer sabot 
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engages the rifling and transmits spin to the projectile via the same 

frictional bond. 

Ij The forward section of the sabot is designed to remain Intact as 

long as It is supported by the walls of the rifling barrel.    Thus,  when it 

H protrudes from the mu«le. the support vanishes and it U fragmented. 

The projectUe I« then free to proceed at high speed. 

(3)    Consumable Sabot 

The third retrofit configuration Is characterised as a 'consumable 

aabot" arrangement.    A solid propellant consumable sabot is bonded to 

the inside of the solid proj-ctlle.    Upon firing, this consumable sabot 

must remain Intact and burn from its aft base.    As it bu.ps it provides 

a thrust and is designed to be completely consumed when the projectile 

is at the muzzle.    The thin forward shell   will    then be fragmented (by 

muzzle gas pressure) and the hollow projectile will be launched. 

This  system has potential for high performance due to the 

"traveling  charge   effect. "   ThU effect is of particular value for high 

speed firings and is highly compatible with hollow projectiles where 

high speed launchings are desirable.    Lethality and ingestion (aircraft 

applications) problems will also be circumvented. 

2-    Lightweight Ammunition System 

Compared to conventional projectiles of ÜM same weight and 

caliber, thin-walled hollow projectiles are Inherently lightweight. 

They must therefore be fired at higher velocities to achieve the same 

muzzle energy.    At the same muzzle energy, they will have lesser 

recoil, which enhances handling and improves accuracy. 
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When the constraint of using conventional .-xistinp w.apon.s and 

cartridge cases U removed, even nior«- compact  and lightw.-lght 

ammunition systems will result.    In a hasic sense, the hollow proJeetUtf 

can serve the same role as the cartridge.    The projectile can then b. 

made longer while minimizing or eliminating the cartridge case. 

This will of course necessitate a modified weapon.    Kxistlng 

r.62 mm weapons use necked down chambers and cartridge cases wher. a., 

the compact arrangement (minimal cartridge case) must use a straight 

chamber of essentially the same diameter as the barrel bore. 

The three basic compact arrangements shown In Fig.  20 can be 

configured to essenclally eliminate the cartridge case.    Both the Internal 

'•ad external forwaid sabot arrangements could be made longer with a 

very short cartridge case of essentially the same outer diameter mounted 

on the aft end.    The consumable sabot arrangement could also be elongated 

and the case could be entirely eliminated if Ignition techniques similar 

to those employed with caseless a nmunition were employed. 

Lightweight provides obvious operational advantages.    Basically 

a greater quantity of ammunition can be carried to enhance firepower. 

The higher speeds associated with lightweight ammunition re stilt in flat 

trajectories, greater penetration and short travel times to enhance 

accuracy and kill probability. 
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•*•    Inexpensive Manufacture/t)esign Simplicity 

Hollow projectiles are Inexpensive and simple to manufacture. 

The basic projectile l& a thln-walled cylindrical steel tube with a soft 

metal or plastic coating.    The ends of the tube are beveled to reduce 

drag.    It Is readily envisaged that this simplicity will lead to low cost 
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automated machine fabrication techniques. 

Lightweight,  compact sabot systems as shown on Fip.   ZZ also 

appear to be furdamentally simple and inexpensive'.    Further develop- 

mental testing is required to fully asser.s these systems.    However, sabot 

investigations during this program art- very promising with regard to 

»uccfsaful development. 

Thus, the present Investigation demonstrates that hollow projectiles 

can provide Improved performance and operational advantages at a lo> 

cost. 

>w 
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HI.    CONCLUSIONS AND RECOMMENDATIONS 

The central conclusion of the present Investigation is that high 

performance hollow projectile systems are basi-ally feasible.    Continued 

effort Is required to exploit the demonstrated order of magnitude potential 

Improvement via Investigation of practical compact ammunition systems. 

This further activity will Involve detailed ramifications and trade- 

offs within the fundamental framework established In this report.    The 

manifold interrelations include: 

• Aerodynamic projectile shape optimization in relation to 

sabot system design for (1) clean separations and (2) high 

accuracy with low dispersion. 

• Projectile weight and length/diameter ratio compatible 

w        desired spin rate and muzzle velocities to mavimlze 

target penetration at selected distances. 

Basic steps should encompas-   (1) aerodynamlc/deslgn analysis. 

(2) wind tunnel testing, and (3) comprehensive firing range tests.    Major 

effort must be directed toward developing a practical compact sabot 

system.    Wind tunnel tests are required la determine low drag projectUe 

configurations   that are compatible with the  ielected compact sabot 

system.    Firing range tests are necessary to delineate design character- 

istics leading to accuracy, low dispersion, and high penetration. 

The further activity described above Is warranted by the results of 

the present study.    Hence, such an effort Is recommended. 
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APPENDIX 

EXPERIMENTAL FACILITIES AND TEST PROCEDURLS 

The experimental results contained in this  rt-port were obtained in 

wind tunnel and firing range facilities set up by VRC.    These facilities 

and associated operating pxocedures are described in this Appendix. 

A.    SUPERSONIC WIND TUNNEL 

1.    Facility Description 

A 2    X 2" supersonic wind tunnel was employed for investigating 

the aerodynamic characteristics of the hollow projectile.    The wind 

tunnel is installed on the VRC premises.    The compressor and storage 

tank are located outside of a building housing the test section and control 

panel.    This minimizes noise and facilitates tunnel operation and data 

taking.    The test section arrangement is shown in Fig.  A-l. 

The wind tunnel characteristics are as follows: 

TYPE:     Supersonic Slowdown 

MANUFACTURER:   Kenney Engineering 
Monrovia, California 

MODEL NO:     1024 

TEST SECTION:   2" X 2" 

MACH NO.   RANGE:     0 - 4. S 

COMPRESSOR:     Two-«tage Gardner-Denver Model No. 
ADR-1014 rated at 2^0 psig and driven by a 
a l^ HP electric   motor 

STORAGE TANK:     Volume = 80 cubic feet 
Maximum operating pressure = 265 psi 
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The Mach number is varied by changing the wall contour and throat 

opening upstream of the test section.    This  Mach number variation can 

be accomplished while the wind tunnel is operating.    The upper and lower 

walls of the wind tunnel are made of flexible steel which permits the 

required contour changes.    These changes are accomplished via a manual 

crank/gear mechanism (see Fig.  A-l).    The side walls are made    f glas>s 

so that Schliere.» techniques can be employed. 

The test section Is accessible through a circular 4-3/8 inch 

diameter port.    The circular wall section which fits in the port is com- 

prised of a steel outer ring holding a circular glass Inner section.    This 

wall section additionally contains provisions for mounting models and/or 

probes for pressure Instrumentation. 

The circular wall section Is held in a hinged mounting bracket 

mechanism.    This mechanism contains a worm gear arrangement for 

rotating the circular section.    This rotation can be used for longitudi- 

nally pitching the model or for varying Its vertical location (see Fig.  A-l). 

The wind tunnel Is equipped with a pilot-ope rate«.'  regulator so that 

the desired test section total pressure can be used.    If the minimum 

setting Is used, the longest run duration results.    Higher settings 

Increase the test section dynamic pressure as well as the unit Reynolds 

number.    The duration times are of the order of 30 - 4^ seconds. 

In addition to the regulator valve, the control panel contains 

pressure gauges to measure the regulator setting, the storage tank 

pressures, and the test section total pressure  (i.e. , pressure in stilling 

chamber downstream of regulator).    There Is also a gauge to measure 

the temperature of the gas In the stilling chamber.    The start-stop 

operation of the tunnel Is controlled by a solenoid actuated valve. 
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The tunnel installation also includes a standard concave mirror 

type Schlieren system.    Tne system employs 3-inch diameter mirrors 

(focal length of 18 inches) to project the Schlieren picture on a 10 imh 

by 12 inch screen.    A camera can then be employed to photograph the 

Schlieren picture for a permanent record.    The Schlicrt-n apparatus can 

be moved to provide coverage of any part of the test section.    Further, 

the image size can be varied within Ur..ltatlon8 of the screen. 

For taking force and moment measurements, a three-component j I 

balance. Model 1219,   Is manufactured by Kenney Lnglneering.    This *: 

balance is designed especially for the 2" X 2,, supersonic wind tunnel 

(Model 1024) of Fig. A-l. 

The balance is circular with a hollow center.    It Is deigned to fit 

on the cutalde of the rotating window (Fig.  A-l) so that Its hollow center 

wUl allow visual observation and Schlieren photography through the 

circular window. 

The balance Is designed for small interactions (less than 1%) 

and maximum loads are as follows: 

Lift:   ± 20 lbs 

Drag:   ± 20 lbs 

Moment:   ± 40 ln-lbs 

2.    Test Procedures 

Schlieren photography was first used to determine tht   Mach 

number for "starting" or shock swallowing.    The Mach number was set 

(variable nozzle throat) for a value higher than the theoretical prediction 

for starting.    A test run was then conducted to confirm the occurrence 

of proper starting with Its associated smooth flow.    The Mach setting 
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was then reduced in stepwiae increments and testing repeated until the 

flow failed to start (signified by presence of bow shock).    The minimum 

Mach number for proper starting was determined by this procedure. 

After the projectile starts (bow shock swallowed) its speed can 

be reduced considerably below the minimum starting speed.    At some 

lower speed, the bow shock will appear to signify that the internal flow 

has choked.    This characteristic behavior was systematically investigated. 

The selected test models were started at speeds above the minimum 

starting speed previously determined.    Then the speed was reduced via 

the crank which varies the nozzle throat (Fig.  A-l)    until the bow shock 

(as shown by the Schlieren system) suddenly appeared.    The Mach number 

corresponding to this point is associated with the occurrence of choking 

accompanied by a large drag increase.    It thus denotes the end of high 

performance flight. 

Force and moment measurements were taken by first installing 

and calibrating (via standard techniques, e.g. ,  Ref.  A-l) the three- 

component balance (Model 1219) previously described.    The load cells 

exhibited linear characteristics with very small interactions within the 

iTo bound quoted by the manufacturer. 

The basic force and moment measuring technique was to vary the 

pitch angle and measure each of the three components at each selected 

angle.    To reduce data to coefficient form,  it was also necessary to 

record the Mach number and total pressure    p   . 

For example, consider the lift coefficient 

C     -    L CL-  if 
L 

■j yM   pi 
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where 

L   =   lift force determined from calibrated gage 

t    ■   model reference length 

M   "    Mach number which is solely a function of the variable 

nozzle throat setting 

p   =   static pressure in the test section 

■y   =   ratio of specific heats   («1.4 for air) 

The static pressure   p   can be determined as a function of the 

Mach number   M   and the total pressure   p     as measured in the stilling 

chamber just upstream of the variable nozzle throat, i.e. 

pmpJ,   *^-MZ] A 

B.    MOBILE FIRING RANGE TEST SETUP 

1.    Facility Description 

A mobile test facility has been established by VRC at Camp Pendleton 

to conduct the firing tests o . the hollow projectile.    It consists of an 

instrumented storage van which serves as both a short firing range and 

a photographic dark room for obtaining picutres of the projectile in 

flight by means of stroboscopic flash photography.    For long rai ge 

firing the van doors are swung open, and the Camp Pendleton range 

facilities can be used without the necessity of tnoving and remounting 

the firing assembly.    The overall test setup and interior test van 

arrangement are depicted in Fig.  A-Z. 

The van is located near the S00 yard line as measured from the 

standard firing range targets.    To obtain firing data as a function of 
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distance, a portable target is employed. 

The Interior arrangement of the test van has a ballistic «crem 

(Electronic Counters,  Inc.,  Model 6107) and chronograph (Electronic 

Counters, Inc. , Model 4600) for measuring muzzle velocity.    \\ lu-n tin 

projectile passes through Screen 1 ,  the pulse which triggors tin 

chronograph is also used to trigger a strobr hght (General Radio Model 

IS38) positioned to Illuminate the projectile.    The van is dark so the 

camera (Polaroid) shutter can be opened prior to firinfj.    Thus, the 

projectile is photographed in flight. 

A target consisting of stacked fiber hoards is ust-d for projectile 

recovery.    For firing down range, this target is  removed and the 

projectile is fired through a ten Inch diameter hole cut in a lijiht 

shielding box designed to ainlmlzc light entry in the  "dark room'' 

test van. 

2.    Test Procedures 

The first step In the firing range test effort is to laanch the pro- 

jectile.    This Involves (1) achievement of the desired muzzle velocity, 

(2)    separation of the projectile from the sabot and (3) impartation ot 

spin for stability. 

The launch velocity and energy for the given standard 7.62 mm 

test barrel (D755 3791) was analytically estimated as a function of 

projectile and sabot weight to propellant wright.    Seml-emplrieal 

interior ballistic methods outlined In Ref.  A-3 were employed.    Suitable 

propellants were selected via established handloadlng   nethods. 

The sabot am, projectile must be designed to withstand the pres- 

sures (» ^0,000 psl) and associated loads in the test bar-el during 
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launching.    This was first analytically investigated via stress analysis 

procedures outlined In Ref.  A-4. 

Then a systematic series of test firings (short range) were conduct.c 

to arrive at a reliable  "workhorst-" sabot configuration.    As anticipated 

from stress and design calculations, detailed attention must be paid to 

manufacturing tolerances and handloadlng techniques.    Failures of the 

sabot and/or projectUes In the test barrel were systematically eliminated 

via detailed redesigns during the process of arriving at a reliable work- 

horse system.    Futures were detected photographically by the camera 

just downstream of the muzzle (Fig.  A-2). 

After the projectile  Is launched at the proper muzzle velocity, it 

is necessary to ensure that the projectile separates cleanly from the 

sabot while achieving the proper spin rate.    Both of these factors were 

Investigated and confirmed photographically.    The character of the 

separation process could be directly viewed.    The spin rate was Indirectly 

ascertained by observing that the soft outer coating materials generally 

•hearsd-off If the full spin rate were not achieved.    Additional verifica- 

tion of spin rate achievement was obtained by recovering projectiles 

and examining the rifling marks In the coating. 

With achievement of clean sabot/projectlle separations at the 

proper spin rate, the accuracy, dispersion and penetration characteristics 

of the projectile could be evaluated.    To the extent possible, the test 

procedures were based on Ref.  A-S.    For example, the accuracy test 

data was reduced In term« of (I) mean radius,  (2) extreme horizontal, 

(3) extreme vertical, and (4) extreme spread.    These terms and the 

associated data reduction procedure are given In Ref.   A-5. 
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